Abstract Aging is associated with loss of endurance; however, aging is also associated with decreased fatigue during maximal isometric contractions. The aims of this study were to examine the relationship between age and walking endurance (WE) and maximal isometric fatigue (MIF) and to determine which metabolic/Wtness components explain the expected age eVects on WE and MIF. Subjects were 96 pre-menopausal women. Oxygen uptake (walking economy) was assessed during a 3-mph walk; aerobic capacity and WE by progressive treadmill test; knee extension strength by isometric contractions, MIF during a 90-s isometric plantar Xexion (muscle metabolism measured by 31 P MRS). Age was related to increased walking economy (low VO 2 , r = ¡0.19, P < 0.03) and muscle metabolic economy (force/ATP, 0.34, P = 0.01), and reduced MIF (¡0.26, P < 0.03). However, age was associated with reduced WE (¡0.28, P < 0.01). Multiple regression showed that muscle metabolic economy explained the age-related decrease in MIF (partial r for MIF and age ¡0.13, P = 0.35) whereas walking economy did not explain the age-related decrease in WE (partial r for WE and age ¡0.25, P < 0.02). Inclusion of VO 2max and knee endurance strength accounted for the age-related decreased WE (partial r for WE and age = 0.03, P > 0.80). In premenopausal women, age is related to WE and MIF. In addition, these results support the hypothesis that age-related increases in metabolic economy may decrease MIF. However, decreased muscle strength and oxidative capacity are related to WE.
Introduction
Resistance to muscle fatigue (typically deWned as the loss of force or power in response to intense muscle contraction) is an important factor in maintaining high quality of life and independent function as we age. Currently, there is no consensus as to what eVects age has on resistance to fatigue. When fatigue is expressed as a reduction in force during an attempt to maintain maximal force, healthy older adults generally fatigue more slowly than younger adults (Russ et al. 2008; Narici et al. 1991; Lanza et al. 2004; KentBraun et al. 2002; Ditor and Hicks 2000; Chung et al. 2007; Callahan et al. 2009 ) even though age is associated with lower maximal strength and reduced muscle metabolic capacity (Kent-Braun and Ng 2000; Hunter et al. 2002) . However, this is not a universal Wnding. Some studies show no diVerence in fatigability (Lindstrom et al. 1997; McNeil and Rice 2007) while others have actually showed a reduced resistance to fatigue in older adults compared to younger adults (McNeil and Rice 2007; Baudry et al. 2007; Petrella et al. 2005) . Most studies that have not shown older adults to be fatigue resistant have used velocity-dependent exercise: either Wxed velocity isokinetic (McNeil and Rice 2007; Baudry et al. 2007) , or an explosive power task (Petrella et al. 2005) . The studies that show older adults to be more fatigue resistant than younger subjects used maximal isometric contractions (Russ et al. 2008; Kent-Braun et al. 2002; Ditor and Hicks 2000; Chung et al. 2007; Callahan et al. 2009) , with the exception of one which used isokinetic contractions (Lanza et al. 2004) . Most of the interest in changes in fatigue resistance and endurance capacity with age have been in older, usually more than 55 years, adults even though independent of physical activity, losses in muscle metabolic capacity and walking endurance occur with age even in premenopausal women (Hunter et al. 2002) . In addition, increased age in premenopausal women is associated with increased diYculty in performing daily activities such as walking, carrying a box of groceries, and climbing stairs. Finally, age is related to decreased free-living physical activity and increased weight gain in premenopausal women (Hunter et al. 2004) . It is therefore, important to study what aVects increasing age has on endurance and muscle fatigue in premenopausal women.
Improved fatigue resistance in older adults may be caused by an age-related improvement in muscle metabolic economy (ME) (Kent-Braun 2009; Tevald et al. 2009; Lanza et al. 2005; Hepple et al. 2004) . Type II muscle Wber atrophy is a consistent Wnding in old versus young adults (Bamman et al. 2003; Proctor et al. 1995) while some have also shown a preferential loss of type II muscle Wbers (Jacobsson et al. 1990 )-both of which lead to a higher percentage area of type I muscle. Several studies have shown that type I muscle Wbers are metabolically more economical than type II muscle Wbers in humans Coyle et al. 1992) , human skinned skeletal muscle Wbers (Szentesi et al. 2001 ) and isolated mouse skeletal muscle (Crow and Kushmerick 1982) . Therefore, it is not surprising that a recent study has shown that older adults have higher ME than young (Kent-Braun 2009) .
Even though understanding the dynamics of muscular fatigue in older adults is important, it may be more important to understand the factors that are responsible for fatigue in activities that older adults undertake in everyday life. We have previously shown that, independent of physical activity level (as measured with doubly labeled water), age is independently related to reduced treadmill endurance (time to exhaustion on a progressive treadmill test), maximum oxygen uptake (VO 2max ), muscle metabolic capacity ( 31 P MRS determined recovery rate of ADP), anaerobic glycolysis, creatine kinase activity, and a number of key anaerobic and aerobic muscle enzymes (Hunter et al. 2002) . Other investigators have also shown that VO 2max and endurance is reduced in older adults (Hagberg et al. 1985; Makrides et al. 1990 ). It is not clear whether the age-related reduction in endurance capacity in activities such as walking is mediated primarily by a reduction in aerobic capacity or if other factors contribute to the decline.
We have also previously shown that, independent of aerobic capacity, quadriceps isometric muscular strength is related to endurance during a treadmill test lasting over 15 min (Larew et al. 2003) . Additionally, several studies have shown that increases in strength may play a role in improving exercise economy, ease in doing activities of daily living, and endurance performance (Hartman et al. 2007; Parker et al. 1996; Frontera et al. 1990; Hickson et al. 1988; Stone et al. 1983) . It is well documented that age is associated with reductions in skeletal muscle mass and muscular strength (Hunter et al. 2004) . Logic would dictate that part of the reduction in endurance performance with age may be mediated by reductions in muscular strength as well as aerobic capacity. To our knowledge, previous studies have not evaluated these diametric relationships in the same group of subjects or attempted to determine other factors that may be contributing to the age-related increase in fatigue resistance seen in maximal isometric contractions as well as the age-related decrease in locomotor endurance performance. Therefore, the primary purposes of this paper were to examine the relationship between age and locomotor endurance capacity and maximal isometric fatigue resistance, and to determine which metabolic/Wtness variables explain the expected age eVects on muscular fatigue and locomotor endurance in premenopausal women. Since diVerences in VO 2max between African American (AA) and European American (EA) women have previously been reported (McCarthy et al. 2006 ), race will be considered as a potential confounder in the analyses.
Methods
Forty-nine AA and 47 EA normal-weight, healthy premenopausal women (22-48 years old) participated in this study. None were taking any medication known to aVect body composition, energy expenditure, or exercise performance. The study was approved by the University of Alabama at Birmingham (UAB) Institutional Review Board. All volunteers were screened and briefed about the experimental protocol, and written informed consent was obtained prior to testing.
Women were weight stable for 1 month prior to testing which included a macronutrient-controlled diet for the 2 weeks preceding testing. All testing was performed in the follicular phase of the menstrual cycle (within 10 days of the start of menses). Exercise sessions on the treadmill and in-magnet isometric exercise bouts during 31 P MRS acquisitions were separated by at least 2 days Dual-energy X-ray absorptiometry (DXA) Body fat percentage was determined by DXA (DPX-L, Lunar Radiation Corp., Madison, WI, USA). The scans were analyzed using the Adult Software (Version 1.33).
Walking endurance and VO 2max
In the morning and after an overnight fast, maximum oxygen uptake (VO 2max ) was determined by indirect calorimetry on a treadmill using a modiWed Bruce Protocol. After a 3-mph, 2.5% grade warm-up for 4 min, grade was increased 2.5% each minute until voluntary exhaustion. Volume of O 2 and CO 2 was measured continuously by open-circuit spirometry and analyzed using a Sensormedics metabolic measurement cart (model 2900, Yorba Linda, CA, USA). Heart rate was monitored by a Polar Vantage XL heart rate monitor (Polar Beat, Port Washington, NY, USA). The highest VO 2 , respiratory exchange ratio (RER), and heart rate achieved within the last 2 min of exercise were recorded as VO 2max , RER max, and heart rate max, respectively. Standard criteria for heart rate, respiratory quotient, and plateauing were used to ensure achievement of VO 2max (Holly 1988) . Treadmill endurance was deWned as the time it took to reach exhaustion on the progressive treadmill test (i.e. time after the 4 min warm-up phase).
Submaximal oxygen uptake
Prior to the maximal treadmill test, submaximal oxygen uptake (VO 2 ) was obtained in the steady-state conditions, during the third and fourth minutes of a 4-min 3 mph walk on the treadmill using the Sensormedics metabolic measurement cart.
Strength measures
Knee extension strength was measured isometrically using methods previously described (Hunter et al. 1995) . Forces were measured using a universal shear beam load cell (LCC 500; Omega Engineering, Stamford, CT, USA). Force was measured at 70° knee extension on the right lower leg at the level of the lateral malleolus. Subjects were restrained across the upper legs and hips with padded straps. Maximal isometric plantar Xexion was measured in a specially made bench that could Wt within the magnet. After three trials, three maximal isometric contractions were recorded with 60-s rest between each trial. Test retest reliability for these tests in our lab has a coeYcient of variation of <4%.
P MRS
1 H-magnetic resonance images (MRI) and 31 P-MRS were collected on the right calf muscle using a 4.1 T whole body imaging and spectroscopy system. Subjects were studied on two separate days. A series of resting calf muscle MRIs were collected on the Wrst day to measure maximal crosssectional area of the gastrocnemius and soleus muscles. The images were collected using a torroid coil with the following protocol: repetition time (TR) = 1,000 ms, echo time = 14.5 ms, 256-mm Weld-of-view, and 5 mm slice thickness with a slice separation of 10 mm. The cross-sectional area of the gastrocnemius and soleus muscle group was determined by manually drawing the area around both muscles from the MRIs of each slice. The coeYcient of variation (CV) for maximal cross-sectional area in our lab is 3.9% (McCarthy et al. 2006 ). The maximal cross-sectional area was subsequently used to normalize force output between individuals. In addition, the subjects practiced performing isometric plantar Xexion. The CV for maximal isometric plantar Xexion in our lab is 4.9% (Larson-Meyer et al. 2000) .
On the second day women performed 90-s unilateral, maximal voluntary isometric plantar Xexion contractions. A 7-cm 1 H/ 31 P surface coil, fastened to the underbelly of the calf muscle, was used to collect 2-s time-resolved 31 P-MRS data during 60 s of rest, 90 s of exercise, and 7.5 min of recovery. The 31 P-MRS data were collected using a repetition time of 2,000 ms, four dummy pulses, one signal average, and a half-passage adiabatic excitation pulse. This adiabatic pulse produced a uniform 90-degree excitation pulse over the sensitive volume of the coil and increased the signal-noise-ratio of our acquisitions. An example of the 31 P MRS data collected with these parameters in our laboratory has previously been published (Larson-Meyer et al. 2000) . Peak areas and positions of the phosphate metabolites were found by time domain Wtting, using Fitmasters (Phillips Medical Systems, Inc., Shelton, CT, USA) as previously described (Boska 1994) . The exercise bench and force collection devices in our laboratory are also described elsewhere (Larson-Meyer et al. 2000) . 31 P MRS was commonly used to measure the intracellular concentrations of PCr, inorganic phosphate (P I ), and ATP. The intracellular pH was also calculated from the chemical shift diVerence between PCr and Pi. These pieces of information were used to quantitatively study the energetics of skeletal muscle during exercise and recovery (Boska 1994; Newcomer and Boska 1997) . A detailed description of the methods and model used for calculating ATP production rates from time-resolved 31 P MR spectra has been previously published (Newcomer and Boska 1997) . BrieXy, PCr's rate of depletion during exercise was used to measure the ATP production rate from the creatine kinase (CK) reaction (Boska 1994; Newcomer and Boska 1997) . AMP concentration was calculated from the adenylate kinase equilibrium (Newcomer and Boska 1997) , and ADP concentration was calculated from the equilibrium equation of the CK reaction (LarsonMeyer et al. 2000) . The rate of ATP production from anaerobic glycolysis (ANGLY) was calculated from the time courses of pH, PCr, and Pi by assuming a H + stoichiometry of the ATP producing reactions and a buVering capacity of muscle (Newcomer and Boska 1997) . The rate of PCr increase during the Wrst 14 s of recovery was used to estimate the ATP production rate from oxidative phosphorylation (OXPHOS) (Newcomer and Boska 1997; QuistorV et al. 1992) . Muscle metabolic economy (ME) was calculated as average force across the last 14 s of force production divided by ATP production rate from the sum of the creatine kinase reaction, ANGLY, and OXPHOS. The sum of these three production rates was deWned as the total ATP production rate in this study. As previously reported , the testretest R 2 was 0.88 for ANGLY, 0.87 for the CK reaction, 0.95 for OXPHOS, and 0.99 for ME for 45% plantar Xexion tested twice in seven subjects.
Muscle biopsies and Type I Wber type distribution Percutaneous muscle biopsies were obtained from the lateral head of the gastrocnemius muscle on a subset of 22 subjects using a 5-mm Bergstrom biopsy needle with suction applied via a 60-cc syringe, as we have detailed elsewhere . Muscle was immediately mounted on cork with Tissue-Tek O.C.T. mounting medium, oriented cross-sectionally using a dissecting microscope, and frozen in liquid nitrogen-cooled isopentane.
Muscle blocks were sectioned (10 m) in a cryostat microtome cooled to ¡22°C. MyoWber distribution was classiWed by metachromatic dye-ATPase histochemistry . Metachromasia was revealed by 0.1% toluidine blue after acid pre-incubation (pH 4.4) and incubation in 0.15% ATP disodium salt (pH 9.4). Type I myoWbers were colored turquoise. Type II myoWber subtypes ranged in color from light gray (Type IIa) to violet (Type IIx).
Statistics
Independent t tests were used to determine diVerences between AA and EA women for all variables. Correlations were obtained for age, race, treadmill endurance, and muscle fatigue versus all other study variables. Based on the results of the simple correlations, linear multiple linear regression was used to evaluate the independent eVects of age, exercise economy, and muscle aerobic and anaerobic capacity. Since VO 2max and treadmill endurance time were diVerent between the two races, indicating that race may be a potential confounder in modeling treadmill endurance time, race was also included as an adjusting variable in model 2 for treadmill endurance. Table 1 contains the means and standard deviations for all study variables. No signiWcant diVerences were observed between AA and EA women with the exception of VO 2max and treadmill endurance. In both measures EA women had higher values than AA women. Table 2 contains Pearson Product correlations for race, age, treadmill endurance and muscle fatigue with demographic, Wtness, and muscle metabolic data. Age was signiWcantly related to decreased treadmill endurance (r = ¡0.28, P < 0.01) but increased resistance to fatigue during a maximal isometric contraction (¡0.26, P < 0.03). Age was also signiWcantly related to all other variables with the exception of race and CK rate. Race (coded 0 = EA and 1 = AA) was negatively related to knee extension strength, VO 2max , Walk VO 2 (low VO 2 indicating increased economy while walking), ANGLY rate, and treadmill endurance but was not signiWcantly related to CK rate, OXPHOS rate (r = 0.25, P < 0.07), ME, or muscle fatigue. Treadmill endurance was signiWcantly related to race, knee extension strength, OXPHOS rate, and ME but was not signiWcantly related to Walk VO 2 (r = 0.15, P = 0.07), ANGLY rate, CK rate, or muscle fatigue. In simple correlations muscle fatigue was only signiWcantly related to age (r = ¡0.26), walk VO 2 (r = 0.37, P < 0.01) and ME (r = ¡0.43, P < 0.01). Multiple regression analyses were used to determine the eVect of exercise economy on the negative simple correlations of treadmill endurance and age (decreased treadmill endurance with age) and muscle fatigue and age (more fatigue resistance with age). The Wrst model (Table 3) shows that after adjusting for Walk VO 2 , age remains signiWcantly related to treadmill endurance (partial r = ¡0.25, P < 0.02). However, when muscle fatigue is modeled using age and ME as dependent variables (Table 3 ), the signiWcant relationship between age and muscle fatigue disappears (partial r = ¡0.13, P = 0.35), suggesting that the age-related increase in muscle fatigue resistance is primarily the result of improved ME in older individuals. On the other hand, other factors must be playing a major role in decreased treadmill endurance with age. In order to determine whether aerobic Wtness and/or muscular strength are responsible for the reduced treadmill endurance with age relationship, another multiple regression was used to estimate treadmill endurance with race (important as a potential confounder), VO 2max , and knee extension strength added to the model (Table 4) . Age ceases to be an independent partial correlate with treadmill endurance while Walk VO 2 , VO 2max , and knee extension strength all remained signiWcant independent correlates of treadmill endurance. Since muscle metabolic capacity may have been a confounder in explaining the disappearance of the signiWcant muscle fatigue with age relationship, a Wnal multiple regression was conducted with muscle fatigue as the dependent variable and OXPHOS rate, CK rate, ANGLY rate, and maximum isometric plantar Xexion strength as independent variables. All variables were signiWcant independent correlates with muscle fatigue except age.
Results
Since a potential cause for an age-related increase in ME economy could be an age-related increase in metabolically eYcient Type I muscle Wbers, type I muscle Wber distribution (mean 48.7 § 12%) was correlated with age, (r = 0.53, P < 0.01) in a sub-sample of 22 subjects (Fig. 1) .
Discussion
The results of this study with premenopausal women are consistent with previous studies of older adults which showed that age is related to decreased walking endurance (Hunter et al. 2002; Hagberg et al. 1985 ; Makrides et al. (Russ et al. 2008; Narici et al. 1991; Lanza et al. 2004; Kent-Braun et al. 2002; Ditor and Hicks 2000; Chung et al. 2007; Callahan et al. 2009 ). We found that improved ME with age accounts for the age-related improved maximal isometric muscle fatigue (Table 3) , but does not account for the decreased walking endurance with increasing age. However, adjustment for VO 2max and quadriceps strength accounts for the negative relationship between age and walking economy suggesting that agerelated decreases in aerobic Wtness and strength mediate the age-related loss in walking endurance in this group of premenopausal women. The overall strength of model 2 for walking endurance (Table 4) in which the coeYcient of determination indicates that 75% of the variance in walking economy was accounted for by these variables further supports this contention.
These results are consistent with the hypothesis proposed by Kent-Braun (Kent-Braun 2009) that improved exercise economy with increasing age allows for improved fatigue resistance in tasks that challenge the capacity to exert force, i.e. maximal isometric contractions or force outputs at a very high percentage of maximal capacity. However, age-related loss of muscle strength (Petrella et al. 2005; Hunter et al. 2002) , muscle metabolic capacity (Hunter et al. 2002) , and total body aerobic capacity (Hunter et al. 2002) may increase the diYculty of completing weight-bearing tasks that require a Wxed power output, i.e. activities of daily living such as standing from a chair or walking (Petrella et al. 2005; Landers et al. 2001) . Since the age and walking endurance relationship disappears when adjusted for VO 2max and knee extension strength, it is probable that the age-related decrease in walking endurance is mediated by an age-mediated loss of aerobic capacity, muscular strength, and increased exercise diYculty. It is impossible to determine whether the age-related decrease in function in this relatively young group of subjects (age ranging from 22 to 48 years) is due largely to increased inactivity with age. However, we have previously shown that decreased muscle metabolic capacity is related to age independent of free living energy expenditure measured with doubly labeled water in pre-menopausal women (Hunter et al. 2002) , suggesting aging factors other than reduced physical activity may be aVecting muscle function even prior to menopause. The age-related improvement in exercise economy may at least in part be mediated by an age-related loss of type II muscle Wbers. Atrophy and necrosis of type II muscle Wbers have been shown to occur in older adults (Proctor et al. 1995; Bamman et al. 2003; Lexell 1995) while type II muscle Wbers have been shown to be metabolically less economical in force production than type I muscle Wbers (Katz et al. 1986; Coyle et al. 1992; Hunter et al. 2001) . Agerelated shift in muscle Wbers is normally not thought to occur until the sixth or seventh decades. However, in a subset of 22 subjects from this data set, we show that type I muscle Wber percentage is signiWcantly related to age (r = 0.53, P < 0.01), suggesting that this shift may begin early at least in the lateral gastrocnemius, the muscle measured in this study.
On the other hand, preferential type II muscle Wber atrophy is probably responsible for an accelerated loss of power with age, since maximal velocity of shortening and power production are higher in type II muscle Wbers (Hunter et al. 2004) . Although not well understood, this preferential atrophy of type II muscle Wbers and thus power production may be involved in the age-related fatigue-induced shift in power with increasing velocities (Lanza et al. 2003 ). Another factor that may limit power production with age is impaired central drive to the skeletal muscle. While there may not be consensus as to the degree of deWcits, some authors have suggested that there is a decreased ability to recruit motor units with age ). This suggests that older adults not only have a reduced capacity to generate power but also have decreased fatigue resistance in explosive movements. Consistent with this hypothesis, Petrella et al. (2005) have shown that velocity of shortening decreases more rapidly during ten maximal velocity knee extensions at 40% of a maximal voluntary contraction in older (mean age 64 years) than younger (mean age 27 years) men and women.
In this group of premenopausal women, increased walking economy (lower VO 2 while walking at 3 mph) was related to increasing age, possibly due to a preferential loss of ineYcient type II muscle Wbers. This should have given the older women in this study an advantage in treadmill endurance (less oxygen and energy cost for walking). However, decreases in muscular strength and aerobic capacity apparently may have overridden any advantage the older women may have obtained from improved walking economy. To this end, however, it is probable that the relation between increasing age and improved muscle economy may not extend to subjects over 55-65 years, an age in which muscle loss is accelerated (Hunter et al. 2004 ). In fact, walking economy may actually decrease since total Wber number tends to decline in older adults and therefore the whole muscle is capable of less tension development on activation. This would result in less work being accomplished by low-threshold, more eYcient fatigue-resistant type I motor units, increasing the need to activate less eYcient, fatigable type II motor units. The improvements in locomotor economy following strength-training-induced increases in strength support this idea (Hartman et al. 2007 ). More direct support can be found from studies documenting signiWcantly reduced walking economy in older (>65 years) compared with younger (<30 years) men and women (Woo et al. 2006 ) and signiWcant negative correlations between walking economy and age in women aged over 60 years (unpublished data). If this were the case, loss of muscle mass and strength in old age would have a compound eVect on decreasing exercise endurance, via both decreased capacity and decreased exercise economy.
Para 25 Recent research suggests that some of the PCr regeneration early in recovery is due to glycolysis (Forbes et al. 2009 ). In addition, partial PCr recovery was reported during ischemic contractions (Lanza et al. 2006) . Taken together, these studies indicate that not all the initial recovery of PCr following exercise is due to oxidative phosphorylation. However, several observations in this study indicate that oxidative phosphorylation predominates during recovery. First, oxidative phosphorylation rate after exercise was signiWcantly related to muscle fatigue even after adjusting for anaerobic glycolysis and creatine kinase rate (Model 2, Table 4 ) showing an independence from these anaerobic pathways for predicting muscle fatigue, suggesting signiWcant oxidative phosphorylation. Second, substituting ADP time constant, a measure that is reXective of the entire collected time period yielded almost identical results as shown in Model 2 in Table 4 .
In conclusion, the results of this study show that fatigue resistance is increased with increasing age, primarily due to improved muscle metabolic economy with age, in premenopausal women. However, reductions in strength and aerobic capacity are related to decreased walking endurance in premenopausal women. These results show that aging process starts prior to menopause in women. When combined with other data on premenopausal women that document losses in the ability to perform daily activities with increasing age (Hunter et al. 2004) it is apparent that even premenopausal women should develop lifestyle strategies such as exercise training and weight control to slow the age-related losses in endurance and function that begin to occur at the age of about 30 years. Further research is needed to determine whether these results are also applicable to men.
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